Wave rotors may play a role as topping cycles for jet engines, since by their use, the combustion temperature can be raised without increasing the turbine inlet temperature. In order to design a wave rotor for this, or any other application, knowledge of the loss mechanisms is required, and also how the design parameters affect those losses. At NASA Lewis Research Center, a threeport wave rotor experiment operating on the flowdivider cycle, has been started with the objective of determining the losses. The experimental scheme is a three-factor Box-Behnken design, with passage opening time, friction factor, and leakage gap as the factors. Variation of these factors is provided by using two rotors, of different length, two different passage widths for each rotor, and adjustable leakage gap. In the experiment, pressure transducers are mounted on the rotor, and give pressure traces as a function of rotational angle at the entrance and exit of a rotor passage. In addition, pitot rakes monitor the stagnation pressures for each port, and orifice meters measure the mass flows. The results show that leakage losses are very significant in the present experiment, but can be reduced considerably by decreasing the rotor to wall clearance spacing.
Wave rotors are devices which use unsteady waves to produce steady streams of gas which are at either higher or lower stagnation pressure than the input stream. The rotor itself has a set of axially aligned passages on its periphery. As the rotor rotates, these passages are alternately exposed to ports at differing pressures. Typically, at the exhaust, or low pressure, port, the passage contains gas at some higher pressure just before the passage rotates into juxtaposition with the port. Exposure to the low port pressure causes an expansion wave to propagate into the passage. Later in the cycle, the passage, now at lower pressure, will be opened to the inlet port, where the gas is at higher pressure, thereby causing a shock wave to be propagated into the passage.
The exact sequence of waves will depend on the cycle employed. Several different cycles are possible, each serving a different function. Examples are three-port cycles, used as flow dividers or equalizers,' four-port cycles, used for superchargers, 2 topping cycles for gas turbine engines, 3 and a wave superheater wind-tunnel, 4 and five and nine port cycles, again intended for use as topping cycles.5
At NASA Lewis Research Center, the main interest in wave rotors is as a topping cycle for jet engines. This application is shown schematically in Fig. 1 . Air from the compressor would pass to the wave rotor instead of going directly to the burner. The air is compressed in the wave rotor, and then proceeds to the burner. From the burner, the air returns to the wave rotor, where it expands, and in doing so, compresses the incoming air, and then is exhausted to the turbine. Since the expansion step inside the wave rotor drops the temperature of the air, the temperature of the air at the turbine inlet will be lower than the temperature of the air leaving the burner. Thus, for a fixed turbine inlet temperature, an engine with a wave rotor topping cycle will have a higher combustion temperature, and hence higher efficiency and also higher specific power, than the same engine without a wave rotor topping cycle. 6 Obviously, for maximum output, the efficiency of the wave rotor should be as high as possible, i.e., the losses should be minimized. In order to do this, it is necessary to know the source of the losses, and their dependance on controlling parameters. This study is aimed at assessing experimentally the magnitude of various wave rotor losses as a function of the parameters which affect them. This will be achieved by measuring the performance of a wave rotor as various geometrical parameters (passage width, rotor length, and rotor-casing clearance) are varied. The losses are not specific to one cycle, and so any convenient cycle can be used for this study. For simplicity, the three-port flow divider cycle was chosen.
In order to make an experimental study of losses, a wave rotor has been built at NASA Lewis, operating on the three-port flow divider cycle. In this report is a brief statement of the philosophy of the experiment, a description of the experiment, and the measurements made. Finally, initial results are presented showing that reduction of the rotor to wall clearance gap leads to a large increase in performance.
Types of Losses
Although several wave rotors have been built in the past, no study of losses appears to have been reported, other than theoretical estimates by Hoerler.7 Two major losses are the stagnation pressure loss in shock waves, and the mixing loss resulting from nonuniform velocity distributions in the output ports. These however, are readily calculable, and so can be included in any theoretical model of wave rotor performance. Less easy to calculate are the losses caused by the specific geometry of the wave rotor. These are the losses due to the finite passage opening time, friction, and leakage. These effects have been included in the one-dimensional computational fluid dynamics (CFD) model of Paxson,8"10 but determination of the validity of the model, and evaluation of some constants requires recourse to experiment. Such an experiment will require variation of the parameters on which these losses depend. The parameters are described below.
Finite Passage Opening Time
Since the passages have a finite width, there is a finite time taken for a passage to rotate past the leading or trailing edge of a port, and become fully opened or closed. In the case of an input port, for which instantaneous opening of the passage would cause a shock wave to propagate down the passage, a finite opening time will result in a compression wave, which will steepen into a shock as it travels down the passage. The degree to which it steepens depends on the ratio of the opening time where a is taken at some reference condition, e.g., the input stagnation value. Note that for any particular cycle, the rotor velocity w will be inversely proportional to the axial length of the passage L, and hence T is determined mainly by the value of the passage width, B.
Friction
Accurate assessments of the effects of friction would require a calculation of the unsteady boundary layer development throughout the cycle-a monumental task. However, the thickness of the boundary layer on an accelerating flat plate is known from Rayleigh's solution as 4f = ^vt (2) Substituting the time taken by a wave to travel down the passage for the time in Eq. (2), and dividing by the passage hydraulic diameter gives as a nondimensional friction factor,
Leakage can take place from the passage to the casing if the passage is at high pressure, or from the casing to the passage if the passage is at low pressure. The result will be a "short-circuiting" from high pressure to low, leading to reduced performance. For any given passage, the area available for leakage is 2136 (the factor 2 is because leakage can occur at both top and bottom of a passage), and the area for regular flow is BH. Thus the nondimensional leakage parameter G, is the ratio of these two areas, i.e.,
From the above, it is clear that there are at least three parameters to vary in order to be able to obtain estimates of the losses due to the mechanisms involved. An efficient way to formulate an experiment to obtain empirical fits to the data when there are three or more variable parameters is the Box-Behnken scheme. 11 This scheme is illustrated for three variables in Fig. 2 . Imagine a box, each side of which extends from the minimum value of the corresponding variable to the maximum value of the variable. Experimental readings are taken at the points indicated in the middle of each side, together with three replicate points at the center of the box. It is then possible to fit the results with a seconddegree polynomial. For example, if the measured variable is q, and the independent variables are r, F, and G, then the fit will be of the form q= bo+blr +B2F+B3G+b11r2 + b22F2 + b33G 2 + b 12 rF + b 13 rG + b23FG (5) where the constants b o , bi, and bii are determined from the experimental measurements. The replication of the center point provides an estimate of the experimental error. This is the philosophy on which the NASA Lewis wave rotor experiment was based. A review of the literature showed that r, F, and G had differed significantly for rotors built in the past, with insufficient data to determine which parameter is most important. Consequently, it was felt to be important to try to determine the efficiency as a function of r, F, and G in the manner described above, so that the importance of each variable can be ascertained. In order to be able to change r and F, the actual experiment consists of two different rotors, both 12 in. in diameter, but one 18 in. long, the other 9 in. long. Both were built with passages 0.25 in. wide, and 0.4 in. high, with 120 passages per rotor. After a series of runs at 0.25 in. passage width, every other wall will be removed, and another series run at approximately twice the passage width. This combination gives three values of r, and three values of F.
Leakage between the rotor and the casing will occur predominantly where the pressure difference between the casing and rotor passage is large. Initially, it was thought that this would be only at the high and low pressure ports, and that therefore it would only be necessary to vary the leakage parameter G at the ports. In order to do this, the ports were built as inserts. Placing shims under the flange of the insert permits variation of the rotor to port gap. Later, computational results showed that a large pressure differential exists where the expansion wave reflects from the wall on the input side, and that it was necessary to control the rotor to wall gap also. A photograph of the apparatus, with the 18-in. rotor in place, is shown in Fig. 3 .
As mentioned previously, wave rotors can be operated on a variety of cycles, depending on the intended purpose of the wave rotor. For an experiment of the kind envisioned here, a simple cycle, without the complications of a burner, seemed more desirable, and the three-port, flow divider cycle was selected. In prior work, it has frequently been assumed that all the waves are weak, so that the acoustic approximation can be applied. This however limits the pressure ratio to small values. For topping cycle application, the pressure ratio should be as large as possible, and so a secondary objective was to operate the wave rotor under conditions for which the acoustic approximation would not be valid.
Consequently, an expansion ratio of 0.33 was chosen, corresponding to a Mach number of the expanded flow of 0.85. The expansion ratio is the ratio of the pressure in the low pressure port to the pressure in a rotor passage just before it is opened to the low pressure port. This ratio determines the Mach number of the flow in the low pressure port.
The choice of a strong expansion meant that the cycle could not be calculated with the acoustic approximation, and either characteristics, or a CFD approach had to be used. An x-t diagram of the cycle, calculated using characteristics, assuming inviscid flow, and instantaneous port openings, is given in Fig. 4 . It is assumed that the gas is at rest at uniform pressure just before it is rotated to open to the low pressure port. When the right-hand end of the passage is exposed to the low pressure port, an expansion wave travels to the left into the passage, accelerating the gas out of the passage, and into the port. As can be seen, the expansion broadens considerably as it propagates. The expansion wave reflects from the closed left-hand end of the passage, and returns to the low pressure port, slowing, and eventually stopping the outflow. When the gas velocity becomes zero, the port is closed. There are still waves inside the passage, and one of these, a compression wave generated by the reflection at the constant pressure outlet of the reflected expansion wave, gradually steepens to form a shock wave. Later, the passage rotates so that the lefthand end is exposed to the inlet port. The pressure in the passage is lower than that in the inlet port, and a shock wave is driven down the passage. The timing has been chosen so that this main shock catches up with the reflected, steepened compression wave as both reach the right-hand wall. The combined shock is now reflected off the right-hand wall, just as the high pressure port is opened. This reflected shock travels back to the left, raising the pressure, and reducing the velocity of the gas as it does so. When the shock arrives at the left-hand end, the passage rotates past the end of the input port, closing that end. Since the gas is moving to the right, this causes a small expansion wave to travel to the right, to bring the gas to rest. When this expansion reaches the right-hand end, the passage is rotating past the end of the high pressure port, closing that end, and trapping the gas inside the passage, ready to start the cycle all over again.
Experimental Measurements
Kentfield l has shown that the efficiency of a flow divider can be expressed as P1o^Pin/ Thus it is important to measure the mass flows, and the stagnation pressures of the inlet, high pressure, and low pressure flows. A schematic diagram of the apparatus is given in Fig. 5 , showing how this is done. The mass flows are measured with standard orifice meters, one in each flow leg. The inlet and outlet ports are obviously sections of an annulus. A transition piece in front of the inlet port takes the flow in the inlet pipe, and converts it to the port shape, accelerating the flow in the process, as well as bringing it onto the rotor at the correct angle. Immediately upstream of the transition piece, but downstream from the orifice, is a diagnostic spool, with three wall static taps, and five pitot tubes, and a thermocouple to measure the velocity distribution at the spool. From these measurements, the mass flow, and the effective inlet stagnation pressure can be evaluated. Similarly, the output ports have transition pieces to take the flow from the port shape back to round, and which also act as diffusers. The downstream area of these diffusers is fixed by the exhaust pipe diameter. With the diffuser area ratio determined, the length was chosen to give maximum diffuser efficiency using the diffuser performance curves of Ref. 12. Initially, a diagnostic spool was placed immediately at the exit of each diffuser, but the velocity distribution was found to be very nonuniform.
To cure this problem, VORTAB"m flow conditioners13 were installed between the exit of the diffusers and the diagnostic spools. The flow conditioner pressure drop was calibrated in a separate test.
In addition to the above measurements, there were five static pressure taps on the top and bottom of each port, and four pitot tube installations. The pitot installations carried either a rake of five pitot tubes to determine radial velocity distribution, or a five-probe directional pitot probe, 14 to determine centerline velocity and direction. All steady state pressure measurements were recorded through an electronically scanned pressure (ESP) measurement system. The pressure measuring system automatically self-calibrates every 20 min. to maintain a 0.1 percent accuracy. The ESP system communicates through an Institute of Electrical and Electronics Engineers 488 interface to a state-of-the-art, real-time data acquisition system designed at NASA Lewis. 15 The data system was designed for small to medium sized aeronautics facilities, most of which are currently testing rotating machinery. The system acquires data, converts it to engineering units, computes test dependant performance calculations, and displays the information in alphanumeric or graphical form. The cycle time is 1 sec.
Another important measurement was the dynamic on-board rotor pressure. Six dynamic pressure transducers (Endevco Model 8530, with 100 kHz response) were fitted into the rotor. Two were near the entrance to the passages, two in the center, and two near the exit. One set (entrance, center, exit) was in one passage, the other set in a passage diametrically opposed to the first set. The transducers were mounted flush with the lower wall of the passage. The signals from the transducers were taken off the rotor through a slip ring, displayed on a Tektronix oscilloscope, and recorded on tape. These measurements were used for comparisons of the actual pressure history with that calculated for the postulated cycle.
Control of the wave rotor flows was by a butterfly valve in each leg. The supply pressure was around 55 psia. The inlet valve was adjusted to throttle this supply pressure down to the desired inlet stagnation pressure, usually 30 psia. The expansion ratio was set by the low pressure valve, based on a low pressure port static pressure reading, and a pressure tap in the endwall giving the passage pressure just before opening to the low pressure port. The high pressure valve controlled the mass ratio Q, based on the input and high pressure orifice mass flow readings. The rotor was turned by a variable speed electric motor with a constant speed control. An independent measurement of the rotor speed was also made. R.PAII1f.S An oscillogram of the inlet and exit on-board pressure transducer signals obtained in an early run is shown in Fig. 6 . The inlet signal shows that the pressure is reasonably uniform before the arrival of the expansion wave caused by the opening of the low pressure port. When the wave arrives, the pressure drops, falling to a value below that of the low pressure port. Opening of the inlet port causes the main shock to be propagated into the passage. Arrival of the reflected shock is seen briefly before the inlet port closes, creating the second expansion which brings the flow to rest. On the exit side, the pressure is constant prior to the opening of the low pressure port, then drops to the port value. Later, the high pressure port opens at the same time as the main shock is reflected, raising the pressure above the inlet pressure. The pressure falls again when the port closes simultaneously with the arrival of the second expansion. This is apparently in agreement with the postu-lated cycle as shown in Fig. 3 ; the features found in the oscillogram can be seen in Fig. 3 at a given pressure tap location by starting at t = 0, and moving vertically upward in the diagram. There is one exception however; in the postulated cycle, the pressure on the exit side is constant while the low pressure port is open, then falls as the tail of the reflected expansion arrives, only rising again when the main shock arrives. In the experiment, when the low pressure port is closed, a shock wave is generated, raising the pressure. The reason for this shock is seen in Fig. 7 , which gives the measured velocity as a function of position in the low pressure port. Also drawn in Fig. 7 is the velocity distribution expected from the characteristics solution. The predicted velocity falls to zero at port closing, whereas the actual velocity clearly does not. Closing the passage when it still has an outward velocity will generate a hammer shock bringing the gas to rest. CFD calculations 10 were made to try to explain why the gas still had a significant outward velocity at port closing in the experiment, but not in the theory. The only losses in the characteristics calculation are mixing losses in the ducts external to the wave rotor. The CFD calculation does have finite opening, friction, and port gap leakage losses. Even when these losses were set at higher values than expected, it was not possible to create the hammer shock at the port closing. However, when endwall leakage was included, the hammer shock did appear. This is explained as follows: when the expansion wave reaches the wall at the inlet side, the pressure in the passages drops rapidly, falling below the value in the rotor casing, and thus ingesting air into the passages from the casing through the rotor-wall gap. This sets up a outward velocity in the passages which is not cancelled by the reflected expansion wave. Consequently, there is still velocity in the passages when the port closes, giving rise to the hammer shock. The magnitude of this leakage is a function of the rotor-wall gap, and this gap plays a larger role than the gap at the ports.
The conclusion above led to a redesign of the experiment to include false end-walls permitting variation of the rotor-wall gap Gµ, everywhere, independently of the variation of the gap at the ports G p . An oscillogram from a run with the false walls in place is shown in Fig. 8 . For this run, the value of both G P and G H, was 0.025, compared with about 0.1 for the run of Fig. 6 . It is seen that the strength of the hammer shock created by closing the low pressure port is significantly reduced. The signal from the central pressure transducer shows all the features expected from the characteristics diagramthe main expansion, the combined hammer shock and steepened compression wave, the main shock, followed by the reflected shock, and finally the secondary expansion. Thus the reduction in the leakage has resulted in a cycle very close to the postulated cycle.
The leakage reduction also gave improved performance. The performance of a flow divider can be indicated by plotting Phi/P°. versus Pio/P°a at a constant value of p. l The results of the present experiment, plotted in this manner, are shown in Fig. 9 , for three values of G, namely 0.1, 0.05, and 0.025, and a nominal value of A = 0.37. As can be seen from Eq. (6), at a fixed value of p, and for a given value of P'./P'., a higher PO P% corresponds to a higher efficiency. The improvement created by reducing the value of G is evident. Quantitatively,for Q = 0.37, the maximum efficiency, at an expansion ratio of 0.6 (expansion Mach number = 0.38) was 0.09 for G = 0.1, whereas for G = 0.025, the maximum efficiency was 0.17 at an expansion ratio of 0.6. Using the CFD program of Paxson, 8,9 the calculated efficiency is 0.21 for P = 0.37, G = 0, and an expansion ratio of 0.6. Reducing the value of G to 0.025 has significantly improved the performance over that obtained at G = 0.1, but still further reductions in G are desirable for the performance to approach that calculated for G = 0.
C.nnr1ncinns
Initial results from the NASA Lewis wave rotor experiment have demonstrated the importance of minimizing leakage between the rotor and the casing. Using a three-port, flow divider cycle, leakage was varied by adjusting the clearance gap between moveable end walls and the rotor. Reducing the clearance from 0.020 to 0.005 in. resulted in an increase in efficiency from 9 to 17 percent, for runs for which the high pressure mass flow was 0.37 times the total mass flow, and the low pressure output Mach number was 0.38. For this case, the calculated efficiency without leakage is 21 percent. The effect of leakage on the wave cycle was also observed, with the wave pattern approaching that calculated assuming no leakage as the clearance gap was reduced. Future runs will permit evaluation of the effects of friction and finite opening time as well as leakage. 
